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Abstract

Climate change is real. However, contrary to the near global consensus among the
scientific community, international public opinion has moved in recent decades from
increasing awareness to polarisation within and between nations. To the best of our
knowledge, a comprehensive assessment of these trajectories formally addressing the
interaction between agents and the (macro)economy is still missing. It is our purpose
to fill such a gap in the literature by developing an agent-based model that allows
for feedback effects between sentiments, environmental regulation and macroeconomic
outcomes in an open economy set-up. Furthermore, we estimate the so-called green-
Thirlwall law for a sample of 12 OECD countries between 1970 and 2014. Our findings
confirm that Nordic countries have taken the lead in implementing green solutions. In
terms of policy implications, we show that scientific literacy is a necessary but not
sufficient condition for achieving a green-growth equilibrium. Policy makers should
increase the public’s response to Green House Gas emissions taking into account the
fact that a successful communication strategy is conditional upon audience motivation.
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1 Introduction

Climate change is real and there is almost global consensus among the scientific community
that human activities are to blame (EU Commission, 2018; Sippel et al., 2020). On the
other hand, the general public seems to be divided between those who accept and those
who are sceptical of the environmental challenge (e.g. Bliuc et al., 2015; Capstick et al.,
2015). Failure to consider public values and views when taking decisions on climate risk
might be problematic because successful policy implementation requires a certain degree of
acceptance. As a result, it is no exaggeration to say that climate change has also become a
social phenomenon (Hackmann et al., 2014; Pearson et al., 2016).

Different beliefs are related to people having different attitudes towards climate poli-
cies. Behavioural scholars have shown that individuals learn about uncertain phenomena by
combining associative driven and analytic driven information processing (see, for example,
Kahneman, 2003; Weber, 2010). Moreover, research on cultural psychology has indicated
that agents form perceptions of societal risks in line with values characteristic of groups with
which they identify (Douglas and Wildavsky, 1982; Kahan et al., 2009). In this way, interpre-
tations of scientific evidence are motivated by individuals’ competing cultural philosophies,
or worldviews (Kahan et al., 2011, 2012).

Motivated reasoning basically suggests that cognitive processes of reasoning and judge-
ment are non neutral with respect to individuals’ goals (Druckman and McGrath, 2019). Two
main mechanisms have been identified in the literature on social climate change. The first
is accuracy motivation and draws attention to the fact that individuals strive to be “accu-
rate” but may differ in the extent to which they trust scientists. The second is directional
motivation, which refers to the desire to arrive at a particular conclusion. In both cases
communication becomes context dependent. Information matters but scientific literacy alone
might only result in polarisation if scientific communicators are not viewed as credible or if
they activate belief-protective reasoning. It thus becomes critical to understand the moder-
ating effect of worldviews on how the public processes information (see Moser, 2014; Hart et
al., 2015).

In a recent review of the literature, Capstick et al. (2015) have shown the emergence of
interesting trends in international public opinion on climate change. They identified a phase
of increasing knowledge and awareness that goes from the 1980s until mid-2000s, followed
by polarisation of viewpoints within and between nations. To the best of our knowledge, a
comprehensive narrative of these trajectories that formally considers the interaction between
agents and the economy is still missing. It is our purpose to fill such a gap in the literature
by developing an agent-based model that allows for feedback effects between sentiments,
environmental regulation and macroeconomic outcomes in an open economy set-up.

Attitudes Environmental Regulation Macroeconomy

Different models have been developed in recent years improving our understanding of the
relationship between the ecosystem and the economy (for a review, see Ciarli and Savona,
2019). They include Integrated Assessment systems (Stern, 2008; Pindyck, 2013), Computa-
tional General Equilibrium models (Boulanger and Brechét, 2005), Structural Change models
(Antoci et al. 2012), Ecological Macroeconomics (Rezai et al., 2018; Kemp-Benedict, 2018),
and Evolutionary Agent-Based models (Gerst et al., 2013; Lamperti et al., 2018). The recog-
nition of procedural rationality in decision making processes, as well as the understanding
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that factors of production are complements, have allowed a fruitful convergence between the
last two groups with ecological economics.

Useful groundwork for setting up an elementary and rigorous sentiment dynamics in eco-
logical economics can be found in Dávila-Fernández and Sordi (2020). Using a continuous-
time set up, they took advantage of the so-called green-Thirlwall law to establish a link be-
tween long-run growth and environmental efficiency. In their model, however, sentiments are
independent of the rest of the economy. While they showed that polarisation may arise as the
result of a “group effect”, no further discussion was provided on the underlying behavioural
mechanisms, the role of informational shocks, or the possibility that the (macro)economy and
climate change itself affect the public’s perception of the environment. This article addresses
those issues bringing important insights on how to achieve a more desirable equilibrium.

Moreover, the reader should notice that in contrast with a large empirical literature that
supports Thirlwall’s law (e.g. Cimoli et al., 2010; Gouvea and Lima, 2013; Romero and
McCombie, 2018), the green version has not yet been tested. Therefore, this article also
makes an empirical contribution to the literature being the first to evaluate it for a sample
of 12 OECD countries between 1970 and 2014. This allows us to compute the growth-share
that can be attributed to changes in environmental efficiency. Our findings indicate that in
Sweden and in France, the share of growth resulting from a reduction in emissions per unit of
output has been 10 and 7.5 percent, respectively. Countries such as Belgium, Denmark and
Finland followed with values close to 5 percent. For the remaining economies, a growth-share
of 2 percent was associated with a better environmental performance. Such a result confirms
that Nordic countries have taken the lead in developing and implementing green solutions.

In terms of policy implications, two important and novel results are worth stressing.
First, we show that the existence of spillover effects and group-behaviour are responsible for
converting scientific literacy into polarisation. A greater dissemination of information and
pro-environmental attitudes among the public is a necessary but not sufficient condition for
reaching a Pareto-superior green-equilibrium point. Second, a sufficiently high response of
sentiments to Green House Gas (GHG) emissions may lead to the disappearance of the “bad”
and “neutral” equilibria, allowing for a unique green steady-state.

It is important to notice, however, that increasing agents’ response to GHG is context-
dependent. The success of communication is conditional upon audience motivation (Druck-
man and McGrath, 2019). Hence, for audiences among which scientific communicators are
not viewed as credible, additional efforts should be made to change this belief (see Schmid
and Betsch, 2019). Alternatively, when the public relies more on or more heavily endorses
religious authorities, one should find common ground and goals with them. The Pope’s
acknowledgement of the environmental crisis, for example, might for a Catholic constitute
stronger evidence of climate change than a detailed report by the Intergovernmental Panel
on Climate Change (IPCC).

In the case of deniers who are directionally motivated, one could incentivise them to act
in ways that support mitigation for reasons that do not rely on accepting climate change
science (Bain et al., 2012). Taking a Republican voter in the United States as an example,
s/he might willing to support climate policies to avoid the risk that other nations take control
of this technology. Climate change is not so easily detected by personal experience, hence,
scientists should improve efforts to make concrete associations, changing the false impression
that activities which lead to dangerous outcomes are in fact safe (Lorenzoni and Pidgeon,
2006; Weber, 2010; Budescu et al., 2014).

The remainder of the paper is organised as follows. In the next section, we present our
empirical test of the green version of Thirlwall’s law. Section 3 introduces a simple discrete-
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time agent-based model that allows for the interaction between individuals to determine the
choice of environmental policy but without feedback effects from the macroeconomy to atti-
tudes towards climate policies. In Section 4, we show how macroeconomic and environmental
conditions can influence sentiments in favour of green policies. We conclude with some final
considerations.

2 Going green and long-run growth

Thirlwall’s (1979) law, also known as the dynamic Harrod trade-multiplier, states that if
in the long-run balance-of-payments equilibrium on current account is a requirement, then
economic growth can be approximated by the ratio of the rate of growth of exports to the
income elasticity of demand for imports. A large empirical literature has found support
for the law for different countries over different periods of time (e.g. Cimoli et al., 2010;
Gouvea and Lima, 2013; Romero and McCombie, 2018). However, the green version, initially
proposed by Guarini and Porcile (2016), has not yet been tested. It is our purpose in this
Section to do so. This is a crucial step in our endeavour by allowing us to establish a robust
link between the behaviour of exports and environmental efficiency.

Suppose that the following traditional functions for exports and imports hold:

Xt = aY ∗φ
t Zψ

t (1)

Mt = bY π
t (2)

where X are exports, M , imports, Y ∗, the rest of the world’s output, Y , domestic output,
and Z is a measure of environmental efficiency. Parameters φ, ψ, and π are the respective
elasticities while a and b are two positive arbitrary constants.

Equilibrium in trade, which for our purposes stands as proxy for equilibrium in the
balance-of-payments, implies:

Xt = Mt (3)

Taking logarithmic derivatives of Eqs. (1)-(3) and after some algebraic manipulations, we
obtain a modified version of the law:

Yt − Yt−1

Yt−1

=
φ
Y ∗
t −Y ∗

t−1

Y ∗
t−1

+ ψZt−Zt−1

Zt−1

π
(4)

such that the rate of growth of output compatible with equilibrium in the balance-of-payments
depends on the rate of growth of the rest of the world and on changes in environmental
efficiency.

2.1 Data and empirical methodology

Our dataset is annual and comprises the period from 1970 to 2014 for 12 OECD countries
(Australia, Belgium, Canada, Denmark, Finland, France, Italy, Netherlands, New Zealand,
Sweden, United Kingdom, United States). The time span was chosen on the basis of data
availability. Gross Domestic Product (GDP), exports and imports series were obtained from
the Penn World Table (PWT 9.1) in millions of chained PPPs 2011 US$. For each coun-
try, output of the rest of the world corresponds to the sum of GDP of all countries in the
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PWT minus domestic GDP. Finally, environmental efficiency is measured as the inverse of
CO2 emissions in kg per 2010 US$ of GDP with data coming from the World Development
Indicators (WDI).

Unit-root tests indicate that series are integrated of order one, as reported in the Empirical
Appendix. Hence, we make use of the Fully Modified Ordinary Least Squares (FMOLS) and
the Dynamic Ordinary Least Squares (DOLS) cointegrating estimators in a panel context
(Pedroni, 2000, 2001).1 After log-linearising Eqs. (1) and (2), the following expressions are
estimated:

logXt = log a+ φ log Y ∗
t + ψ logZt (5)

logMt = log b+ π log Yt (6)

In comparison to the empirical literature on the balance-of-payments constraint growth
model, our main innovation lies in the estimation of Eq. (5). Therefore, before presenting
our main results, we must show that there is indeed a long-run relationship between exports
and environmental efficiency with causality going from the latter to the former. We report in
Table 1 different statistics of the Pedroni (2004) cointegration test. In all cases, we reject the
null of no cointegration at 10%, while in five out of six we are able to reject the null hypothesis
at 5%. We conclude there is a long-run correspondence among our relevant variables.

Table 1: Pedroni cointegration test

Series: log X, log Y*, and log Z

within-dimension between-dimension

Statistic Prob. Statistic Prob.

rho -2.071495 0.0192 -1.771551 0.0382

PP -2.233770 0.0127 -2.902341 0.0019

ADF -1.338889 0.0903 -1.720990 0.0426

H0: No cointegration

Assessing causality is one of the most difficult, and yet one of the most important issues
in social sciences. Cointegration implies predictive causality in at least one direction. We
proceed by reporting in Table 2 the pairwise Granger and the Dumitrescu and Hurlin (2012)
causality tests. Both of them suggest that the direction of the relationship is the one indicated
by theory. Such a result is robust to the inclusion of different lag specifications and allows us
to maintain that changes in environmental efficiency lead to changes in exports and not the
other way around.

2.2 Estimations and robustness checks

We have shown that there is a long-run relationship between exports, output of the rest of the
world, and environmental efficiency, with causality going from Y ∗ and Z to X. The next step

1Under cointegration, this methodology brings with it a form of robustness to several empirical problems
associated with the violation of the so-called exogeneity condition for the regressors. For instance, an omitted
variable is less likely to bias our estimates given that it will either be stationary – in which case the estimated
coefficients are invariant to its inclusion – or non-stationary – leaving us with no stable cointegrating rela-
tionship in the first place. For a review of the super-consistency properties of panel cointegration methods,
see Pedroni (2019).

5



Table 2: Granger causality test

Pairwise

2-lags 3-lags 4-lags

H0 F-statistics Prob. F-statistics Prob. F-statistics Prob.

log Z does not cause log X 5.42291 0.0047 4.02579 0.0076 2.90413 0.0215

log X does not cause log Z 0.53561 0.5856 0.74207 0.5273 0.58187 0.6759

Dumitrescu Hurlin

2-lags 3-lags 4-lags

H0 W-statistics Prob. W-statistics Prob. W-statistics Prob.

log Z does not cause log X 4.14524 0.0016 4.89236 0.0343 6.18708 0.0454

log X does not cause log Z 3.16211 0.1028 4.49315 0.1047 5.51375 0.1938

consists in actually estimating Eq. (5). Table 3 presents our main results for both FMOLS
and DOLS models. An increase of 1% in the rest of the world’s output leads to an increase
of the same magnitude in exports. Such an effect is slightly below but still consistent with
previous estimates in the literature. On the other hand, an increase of 1% in environmental
efficiency is associated with an increase between 0.2 and 0.3% in exports.

Table 3: Exports and energy efficiency

Dependent variable: log X

I II III IV

Model FMOLS FMOLS DOLS DOLS

log Y* 0.928969*** 1.032330*** 0.944283*** 0.926083***

log Z 0.283364*** 0.209552*** 0.233560** 0.292315***

dummy80*log Z -0.137754*** -0.086316*** -0.129722*** -0.135331***

dummy90*log Z -0.226573*** -0.219196*** -0.214191*** -0.231733***

dummy2000*log Z -0.424747*** -0.346285*** -0.384941*** -0.404629***

Adjs. R2 0.990367 0.989418 0.990719 0.990690

Panel method Pooled Weighted Pooled Weighted

Cross Sections 12 12 12 12

Obs. 528 528 525 525

Time 44 44 44 44

Residuals Stationary Stationary Stationary Stationary

*,**, *** stand for 10%, 5% and 1% of significance

It is worth noticing, nonetheless, that this result is conditional on the period of analysis.
The interaction between our time dummy with our environmental efficiency measure has a
negative sign that increases in magnitude as we move from the 1970s towards the 2000s.
The net effect of increases in efficiency was positive between 1970 and the 1990s, becoming
negative afterwards. While we refrain from explaining the reasons behind such a change,
future research on the topic should certainly be encouraged.

Of course, one could argue that the environmental variable that matters is not Z but the
environmental efficiency of a country relative to the rest of the world, Z/Z∗. As a robustness
check, we proceed by reporting in Table 4 our estimates in this case. There is an increase
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in the income elasticity of exports that gets closer to previous estimates of Thirlwall’s law.
Moreover, an increase of 1% in Z/Z∗ leads to an increase between 0.25 and 0.5% in exports.
Results are clearly non neglectable and basically confirm our previous insights. Once more,
we find that, as time passes by, the effect of an increase in efficiency is reduced until it
becomes negative. This time, however, the sign changes already in the 1990s.

Table 4: Exports and relative energy efficiency

Dependent variable: log X

V VI VII VIII

Model FMOLS FMOLS DOLS DOLS

log Y* 1.213637*** 1.226597*** 1.225925*** 1.207877***

log Z/Z* 0.332787* 0.270498*** 0.231847 0.495181***

dummy80*log Z -0.183167 -0.174307*** -0.112608 -0.246484*

dummy90*log Z -0.363544** -0.336824*** -0.289972* -0.500896***

dummy2000*log Z -0.495560*** -0.458504*** -0.418662** -0.590808***

Adjs. R2 0.989581 0.989609 0.990348 0.990210

Panel method Pooled Weighted Pooled Weighted

Cross Sections 12 12 12 12

Obs. 528 528 526 526

Time 44 44 44 44

Residuals Stationary Stationary Stationary Stationary

*,**, *** stand for 10%, 5% and 1% of significance

Finally, obtaining the green-Thirlwall law requires the estimation of Eq. (6). We report,
in Table 5, an income elasticity of imports between 1.46 and 1.56, in line with previous
studies. Such an outcome should not be surprising. A moderate increase in this elasticity
is documented for both FMOLS and DOLS models as we move from the 1970s towards the
2000s. Residuals of all regressions are stationary confirming that there are no serial correlation
problems and that the cointegrating vector is not spurious. Further robustness checks are
available in the Empirical Appendix.

2.3 Green-growth and the green-Thirlwall law

The accuracy of the underlying theoretical model can be appreciated from Table 6. As we can
see, the actual long-run rate of growth, y, and the predicted one compatible with equilibrium
in the balance-of-payments, ybp are very close. The latter was obtained using φ, ψ, and π,
estimated from models IV and XVI. This confirms the validity of the green version of the law
and provides solid empirical ground upon which to stand.

One of the advantages of our exercise is that it allows us to disaggregate ybp in two effects,
namely, growth coming as a response to foreign demand and the share coming from changes
in environmental efficiency. Such a differentiation can provide interesting insights on which
countries have taken the lead in developing and implementing green solutions. Fig. 1 presents
the share of “green-growth” for each country in our sample.

As the blue colour gets darker, we have an increase in the “growth-share” that comes
from changes in environmental efficiency. Our estimates indicate that between 7.5 and 10%
of increases in output in Sweden and in France can be attributed to Z. Different reports
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Table 5: Estimating the behaviour of imports

Dependent variable: log M

XIII XIV XV XVI

Model FMOLS FMOLS DOLS DOLS

ln Y 1.460423*** 1.539574*** 1.514739*** 1.561437***

dummy80 0.043443*** 0.066383*** 0.032734*** 0.028667**

dummy90 0.044183** 0.011514 0.030160 0.021246

dummy2000 0.097598*** 0.031984 0.071571** 0.050436*

Adjs. R2 0.990831 0.989172 0.991720 0.991692

Panel method Pooled Weighted Pooled Weighted

Cross Sections 12 12 12 12

Obs. 528 528 526 526

Time 44 44 44 44

Residuals Stationary Stationary Stationary Stationary

*,**, *** stand for 10%, 5% and 1% of significance

Table 6: Actual and predicted rates of growth

Country y ybp Country y ybp

Australia 0.014430294 0.010052067 Italy 0.011217808 0.010303538

Belgium 0.011238532 0.010724151 Netherlands 0.011776003 0.01036042

Canada 0.013616925 0.010398187 New Zealand 0.012808179 0.010337145

Denmark 0.009396451 0.010519541 Sweden 0.009810397 0.011256579

Finland 0.011218878 0.010526747 UK 0.01095154 0.010549626

France 0.010753624 0.011032835 USA 0.012149582 0.011078136

Figure 1: Contribution of environmental efficiency to long-run growth.

8



by the Organisation for Economic Cooperation and Development (OECD, 2014, 2016) have
highlighted the longstanding commitment of Sweden to mitigating emissions of greenhouse
gases as well as the effectiveness of the environmental policy pursued by France. The list
proceeds with Belgium, Denmark and Finland though the green growth-share falls to 5%.
The remaining countries, with the exception of Australia, have presented lower contributions
between 1.5% and 3.5%.

Australia comes at the bottom of the list with a quite poor performance. In fact, changes
in environmental efficiency have made a negative contribution, even though only marginally.
This result should not be a surprise given that the country has one of the most carbon intensive
economies in the OECD. According to the same institution, Australia has no national long-
term strategy for lowering emissions which are projected to increase by 2030 (OECD, 2019).
The same source suggests that the absence of a long-term vision for sustainable development
is evident in the falling funding devoted to conservation and research.

3 Attitudes towards green policies

Climate change is not perceived in the same way by different people and public opinion is
often divided on the matter. Heterogeneity in ecological thinking makes the transition to a
green economy more difficult. Thus, it is important to understand how people with opposing
attitudes towards climate policies interact.

Behavioural scholars have shown that individuals learn about unknown phenomena by
combining associative driven and analytic driven information processing (see, for example,
Kahneman, 2003; Weber, 2010). Moreover, research on cultural psychology has indicated
that agents form perceptions of societal risks in line with values characteristic of groups with
which they identify (Douglas and Wildavsky, 1982; Kahan et al., 2009). In this way, informing
people about climate risk is only part of the problem. Interpretations of scientific evidence
are motivated by competing cultural philosophies, or worldviews (Kahan et al., 2011, 2012).
Group behaviour exists because reasoning at the individual level is context-dependent. As
agents have different beliefs about climate science and policies, they engage in motivated
reasoning (Druckman and McGrath, 2019). This does not mean that people are necessarily
“biased”, but implies the recognition that they may have different mental goals. Two main
mechanisms have been identified in the literature of social climate change: accuracy and
directional motivation.

People often aim to arrive at the “correct” conclusion, or the “truth” so to speak. In
other words, they want to be accurate. However, they might perceive differently the arriving
information depending on the credibility of the source. When scientists are highly regarded,
climate change science is well received. Still, this is not always the case and frequently other
social actors are taken as more credible. For this reason, accuracy motivated people evaluate
evidence and form opinions in an heterogeneous way.

On the other hand, individuals may desire to arrive at certain or predetermined con-
clusions. The existence of such an outcome in general confirms a prior belief. It could be
directionally motivated by politics, religion or factors related to a certain life-style. This mech-
anism is characterised by several biases that lead to a particular result. The main difference
with the previous heuristic is that, while in the former case there should be no polarisation if
people interpret information in the same way, in the latter sentiments are expected to diverge.
The interaction between these elements results in complex attitudes towards climate policies
at the individual and collective levels:
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Associative

Worldviews

Analytic

Motivational

Accuracy

Direction

Attitudes

3.1 From attitudes to sentiments

A simple way of formalising our previous discussion is the following.2 Suppose the population,
N , is constant and divided between those who are pro-environment, N+, and those who are
not sensitive to environmental issues, N−:

N = N+
t +N−

t (7)

The difference between these two groups, n, is given by:

nt = N+
t −N−

t (8)

We define the average attitude of society towards environmental regulation as an index:

Φt =
nt
N

(9)

where Φ ∈ [−1, 1]. If in a certain period all citizens are climate supporters, then Φ = 1. On
the other hand, if climate change deniers prevail, Φ = −1. When agents are equally split
between the two groups, Φ = 0. Taking time derivatives of Eq. (9), we obtain the dynamics
of attitudes in terms of variations in the composition of the two types of agents:

Φt − Φt−1 =

(
N+
t −N+

t−1

)
−
(
N−
t −N−

t−1

)
N

(10)

Changes in the number of environmentally friendly individuals are conditional upon the
probability that climate change deniers become pro-environment and vice-versa. Analogously,
the number of those who oppose climate change policies varies depending on a similar set of
switching probabilities. Moreover, one should take into account the possibility of exogenous
information shocks that may affect the composition of the population in unexpected ways.
A positive shock, u+, increases the number of environmental supporters. On the other hand,
a negative shock, u−, can be interpreted as new information that strengthens the group with
negative attitudes. In formal terms:

N+
t −N+

t−1 = N−
t−1p

−+
t −N+

t−1p
+−
t + u+

t

(11)

N−
t −N−

t−1 = N+
t−1p

+−
t −N−

t−1p
−+
t + u−t

2Useful groundwork for setting up an elementary and rigorous sentiment dynamics in ecological economics
can be found in Dávila-Fernández and Sordi (2020). They refer to Lux’s (1995) formalisation of herd behaviour
and contagion in financial markets. For a deeper discussion of the underlying formal mechanism in discrete
time, see Franke (2008). Our analysis also has some similarities with recent models using social influence to
reverse harmful traditions (please, see, for example, Efferson et al., 2019)
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where p+− corresponds to the probability that someone who is in favour of environmental
regulation changes her/his attitude and p−+ stands as the opposite case.

We assume that the probability of changing attitudes depends on a sentiments index, s,
which captures the mental framework and the complex heuristics involved in agents’ reason-
ing. A convenient functional specification frequently adopted in the agent-based macroeco-
nomic literature is the following:

p−+
t = exp (st)

(12)

p+−
t = exp (−st)

such that an increase in s is related to a higher probability of supporting environmental
regulation.

Because reasoning is context dependent, the higher the proportion of people with pro-
environment attitudes, the higher the probability that those with an opposing approach will
change their views. If the majority of tenants in a neighbourhood starts to adopt a “green
lifestyle”, it is more likely that those who are not supporters of the ecological cause become
more involved and eventually change their minds. Hence sentiments are supposed to mirror
the average attitudes:

st = µ1Φt−1 (13)

where µ1 > 0 is a parameter representing the existence of a “group effect”. As interaction
among people increases, one should expect a higher µ1. On the other hand, a lower value for
this parameter is associated with the case in which collective opinions have little influence on
how individuals form their own. Still, notice that at this point in our analysis, the sentiments
index is not influenced by the (macro)economy nor by environmental conditions. In the next
Section, we show how this might happen.

Substituting Eqs. (11)-(13) into Eq. (10), we obtain:

Φt = Φt−1 + (1− Φt−1) exp (µ1Φt−1)− (1 + Φt−1) exp (−µ1Φt−1) +
ut
N

(14)

where
ut = u+

t + u−t ∼ N
(
0, σ2

)
In this way, aggregate attitudes respond to the interaction between individuals which in turn
depend on the collective approach to the environmental challenge. Information shocks are
supposed to be normally distributed with zero mean and a given standard deviation, σ.

3.2 Green regulation and environmental efficiency

At the beginning of the nineties, Porter (1991) and Porter and van der Linde (1995) challenged
the idea that there is a trade-off between private costs and social benefits when it comes to
the relationship between the environment and industry. They argued that pollution is a man-
ifestation of economic waste, involving the incomplete or inefficient utilisation of resources.
Hence, strict environmental regulation can potentially increase firms’ competitiveness.

The so-called Porter hypothesis (PH) has been evaluated empirically under three different
versions. The “strong” one highlights that regulation in general induces innovation, whose
benefits exceed its costs. The “weak” version, on the other hand, suggests that environ-
mental regulation stimulates certain types of innovation. Finally, the “narrow” one indicates
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that, actually, only certain types of regulation stimulate innovation. While it still remains a
controversial issue, there is some evidence supporting the narrow and the weak versions (see
Fabrizi et al., 2018).

For the purposes of this paper, define λ as an index of the stringency of environmental
regulation. More stringent rules are associated with higher values of this variable. Even
though recognising that different policies are likely to deliver different outcomes because to a
great extent they are designed-conditioned, we adopt a friendly position towards PH. In this
way, a more stringent regulation is supposed to increase environmental efficiency:

Zt − Zt−1

Zt−1

= fλt−1 (15)

where f > 0 indicates the strength of the effect.
One should recognise that the regulatory framework of a country is not “manna from

heavan”. Politicians, in one way or another, respond to the claims of those who vote for
them. This is not different when it comes to climate change and ecological issues. To keep
the exercise as simple as possible, we assume:

λt = Φt (16)

Citizens have heterogeneous opinions on climate change and, through their vote, they
express their preferences. The outcome of an election reflects what the majority wants and
determines the new policy guidelines on environmental risks. This, in turn, impacts the level
of regulation stringency. Recall that Φ ∈ [−1, 1]. When most people support environmental
policies, Φ > 0, policy markers adopt a green agenda and λ > 0. On the other hand, when
citizens oppose environmental-friendly policies, Φ < 0, regulation is such that λ < 0. Notice
that an equal distribution between the two groups, Φ = 0, does not produce any regulation
in the first place, λ = 0. This is because none of the two groups is strong enough to prevail.

3.3 Energy consumption and the labour market

Suppose the following Leontief production function:

Yt = min {Et/ϑ; qtNet} (17)

where E indicates energy, ϑ is the energy-output ratio, q is labour productivity and e stands
for the employment rate. The latter is defined as e = L/N , with L indicating the level of
employment while labour productivity is defined as q = Y/L. Given a constant energy-output
ratio, the dynamic Leontief efficiency condition states that:

Yt − Yt−1

Yt−1

=
Et − Et−1

Et−1

=
qt − qt−1

qt−1

+
et − et−1

et−1

(18)

Recall that the size of the labour force is constant. The supply-side of the economy
adjusts to the demand-side through E and e. It follows that changes in the employment rate
are given by the difference between the rates of growth of output and labour productivity.
Rearranging Eq. (18), we obtain:

Et − Et−1

Et−1

=
Yt − Yt−1

Yt−1

(19)

et − et−1

et−1

=
Yt − Yt−1

Yt−1

− qt − qt−1

qt−1

(20)
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In recent decades, the determinants of labour productivity have been the object of a
considerably volume of research in economics as well as other social sciences. To keep the
exercise as simple as possible, we suppose that (qt−qt−1)/qt−1 is a linear function of the rate of
employment. Abstracting from other factors that certainly affect productivity, our purpose
is to capture two main effects. On the one hand, we acknowledge that to a great extent
technical progress is embodied in new machinery and equipment. This means that labour
must be used for productivity gains to be effectively incorporated. Innovation per se is of
little use under high levels of unemployment because workers are not able to learn-by-doing.

On the other hand, high levels of employment are associated with an improvement of the
fall-back position of workers. This increases their bargaining power and might potentially
lead to increases of real wages above productivity gains (Tavani and Zamparelli, 2017; Dávila-
Fernández, 2020). Firms respond by increasing their search for labour-saving production
techniques, resulting in higher labour productivity growth rates. In formal terms, we have:

qt − qt−1

qt−1

= −c+ get−1, 0 < g < 1 (21)

where c is an arbitrary constant and g captures the response of productivity to the employ-
ment rate.

3.4 The dynamic system

Substitute Eqs. (15) and (16) into (4). Making use of the resulting expression as well as Eqs.
(20) and (21), we obtain the dynamics of the employment rate as a function of attitudes.
Recalling Eq. (14), the dynamic system is given by:

et =

1 +
φ
Y ∗
t −Y ∗

t−1

Y ∗
t−1

+ ψfΦt−1

π
+ c− get−1

 et−1

(22)

Φt = Φt−1 + (1− Φt−1) exp (st−1)− (1 + Φt−1) exp (−st−1) +
ut
N

= Φt−1 + θ (Φt−1) +
ut
N

In steady-state, et = et−1 and Φt = Φt−1. Assuming the population is large enough so that
the intrinsic stochastic component can be safely ignored, the following equilibrium conditions
hold:

φ
Y ∗
t −Y ∗

t−1

Y ∗ + ψfΦ

π
= −c+ ge

θ (Φ) = 0

From the first expression, the rate of growth of output compatible with the balance-of-
payments constraint is equal to the labour productivity growth rate. This guarantees a stable
employment rate. Moreover, attitudes stabilise when the switching probabilities between the
two groups are equal. Given these equilibrium conditions, we can state and prove the following
Proposition regarding the existence of an internal equilibrium solution.
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Proposition 1 When the “group effect” regarding sentiments towards the environment is
weak enough, i.e. µ1 ≤ 1, the dynamic system admits a unique equilibrium solution, Ē1 =(
eE1 ,ΦE1

)
, that satisfies:

eE1 =
c+ φ

π

(
Y ∗
t −Y ∗

t−1

Y ∗

)
g

ΦE1 = 0

On the other hand, when the “group effect” is strong enough, i.e. µ1 > 1, the dynamic
system has two additional equilibrium solutions, Ē2 =

(
eE2 ,ΦE2

)
and Ē3 =

(
eE3 ,ΦE3

)
, such

that:

eEi =
c+ φ

π

(
Y ∗
t −Y ∗

t−1

Y ∗

)
+ ψ

π
fΦEi

g

θ
(
ΦEi
)

= 0, i = 2, 3

where ΦE2 > 0, and ΦE3 < 0.

Proof. See Appendix B.1.

In this version of the model, attitudes towards the environment do not respond to economic
or environmental conditions. Polarisation is a result that arises only with the increase in
interaction between agents. If interactions among the two different groups are weak and the
opinion of one citizen is not affected by what others think, µ1 ≤ 1, an equal distribution
between groups arises with no further economic implications. However, as scientific literacy
and social interactions increase, µ1 > 1, polarisation might emerge.

In a recent review of the literature Capstick et al. (2015) documented important trends
in international public opinion in climate change. They identified a phase of increasing
knowledge and awareness between the 1980s and mid-2000s, followed by polarisation within
and between nations. Our model shows that the “group effect” is responsible for such a result.
To provide a more concrete view of this, we rely on a numerical example. When choosing
plausible parameter values, we have considered the evidence provided in Section 2 as well as
in Dávila-Fernández and Sordi (2020). Our reference values are:

φ = 1.5, ψ = 0.15,
Y ∗
t − Y ∗

t−1

Y ∗
t−1

= 0.03, f = 0.1

π = 1.5, c = 0.06, g = 0.1.

Fig. 2 shows how polarisation arises when the interaction between agents increases. Once
Ē2 and Ē3 emerge, two different economic situations follow: a “good” one, in which pro-
environmental policies make it possible to achieve a higher employment rate; and a “bad”
equilibrium, in which the opposite happens. When the majority of the population supports
environmental regulation, policy makers adjust the regulatory framework in such a way as
to reflect this attitude. Given the validity of PH, there is an increase in competitiveness
that allows an increase in the long-run rate of growth of exports. This implies an increase
of the rate of growth compatible with equilibrium in the balance-of-payments, leading to an
improvement in employment.

Regarding the local stability of equilibria, we are ready to prove the following Proposition:
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Figure 2: Emergence of multiple equilibria and “group behaviour”.

Proposition 2 When the “group effect” regarding sentiments towards the environment is
weak enough, i.e. µ1 ≤ 1, the unique equilibrium point Ē1 is locally asymptotically stable.
On the other hand, when the “group effect ” is strong enough, i.e. µ1 > 1, the equilibrium
point Ē1 loses stability while Ē2 and Ē3 are locally asymptotically stable in the region of the
parameter space defined by:

1 + θΦ > 0

where θΦ is the partial derivative of θ(·) with respect to Φ in the neighbourhood of the second
and third equilibrium points. If a change in one of the parameters determines the violation
of this condition, a Flip bifurcation occurs.

Proof. See Appendix B.2.

We thus confirm that once polarisation arises, Ē2 and Ē3 are stable equilibrium solutions.
This means that small deviations might be insufficient for moving from one basin of attrac-
tion to the other. Fig. 3 presents the 1D bifurcation diagram for employment and attitudes.
At µ1 = 1, a Pitchfork bifurcation occurs, with the blue line standing as the “good” equi-
librium and the orange line representing the “bad” one. Notice that at µ1 ≈ 1.5 a series of
period-doubling bifurcations occur leading to more complex dynamics. Two different chaotic
attractors emerge and merge as µ1 approaches 2.

An important policy question that remains to be answered is how a society that initially
opposes climate change policies can move to a more desirable pro-environment state. To
assess numerically the magnitude of the shock required for such a change, we abandon the
assumption that the stochastic component, ut/N , can be safely ignored. Hence we proceed
by reporting in Fig. 4 the system’s response to stochastic informational shocks on attitudes.
As expected, very small perturbations are not capable of overcoming the respective basin of
attraction.

However, stronger shocks are also of little use. This is because policy makers do not have
control of how people receive unexpected new information, that continues to be normally
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Figure 3: 1D bifurcation diagrams with respect to µ1 for employment and attitudes.

distributed with mean zero. At most, we are able to obtain cycles in public opinion. Such a
result is still unsatisfactory because successful policy implementation requires time. Relying
on shocks or big events that can potentially turn public opinion towards a green agenda is
dangerous. It comes with the risk of having to interrupt important actions before they are
mature enough, potentially frustrating the control of emissions over time.
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4 Allowing for feed-back effects

Several studies have pointed out that one of the major barriers to adopting a green policy
agenda lies in the lack of broad public support (e.g. Pietsch and McAllister, 2010; Wiseman
et al., 2013). This is because policy itself is endogenous to peoples’ attitudes towards climate
change. Furthermore, to the extent that environmental regulation targets production pro-
cesses, economic outcomes become a relevant dimension of the problem, influencing how the
public approaches the subject.

In the previous Section, we showed how a “group effect” can lead to the emergence of
two different equilibrium points, one with the majority of the population supporting and the
other opposing climate policies. A combination of sufficiently high scientific literacy rates
with the interaction between individuals was responsible for this result. Information shocks
alone were not capable of permanently moving society to the “good” equilibrium. Indeed,
our numerical simulations suggest that small information shocks are not enough to overcome
the basin of attraction of the “bad” equilibrium point, while stronger shocks only lead to
cycles in public opinion.

It must be noted, however, that so far we have not allowed for feedback effects from
the economy and the environment to sentiments. This is quite important for at least two
reasons. First, there is evidence that when employment rates are low, people are likely to pay
less attention to environmental issues (see, for instance, the literature review in Hurst et al.,
2013). Because climate change might be seen as a distant and abstract problem, agents tend
to concentrate on problems they consider more urgent. Scruggs and Benegal (2012) and Shum
(2012), for example, have shown that recessions negatively affect attitudes towards climate
change in Europe and in the United States. This is in line with the findings of Lorenzoni and
Pidgeon (2006) that the environmental challenge is still considered to be less important than
other personal or social issues.

Moreover, changes in environmental conditions can influence sentiments in a decisive way.
For instance, there is some evidence that weather patterns have a significant repercussion on
how people respond to the evidence on climate change (e.g. Egan and Mullin, 2017). This
effect, nonetheless, depends on how people interpret such changes. As previously discussed,
associatively driven and analytically driven information processing mechanisms at the in-
dividual level interact with personal worldviews resulting in complex forms of motivational
reasoning. One should take these elements into account and, hence, we shall proceed in that
direction.

Following the empirical exercise developed in Section 2, define GHG emissions, P , as the
ratio between energy use and environmental efficiency:

Pt =
Et
Zt

(23)

so that the rate of growth of emissions is given by the difference between the growth rates of
the other two relevant variables:

Pt − Pt−1

Pt−1

=
Et − Et−1

Et−1

− Zt − Zt−1

Zt−1

(24)

Substituting Eqs. (4), (15), (16), and (19) into Eq. (24), we obtain the rate of growth
of GHG emissions as a function of attitudes. Notice that this expression contemplates the
possibility of a rebound effect. When ψ > π, more favourable attitudes towards climate
policies actually increase emissions. On the other hand, for π > ψ, support for environmental
regulation is associated with the desirable outcome of lower emissions:
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Pt − Pt−1

Pt−1

=
φ
(
Y ∗
t −Y ∗

t−1

Y ∗
t−1

)
+ (ψ − π) fΦt−1

π
(25)

Our empirical estimations indicated that an increase in environmental efficiency leads to
lower emission and at least partial decoupling should be observed. Indeed, this seems to be
the case, as documented by Brinkley (2014) and Naqvi and Zwickl (2017). However, under
the parametrisation used in this article, we are still far from the consensus required to obtain
absolute decoupling. For such an outcome to be achieved, not only would the support of the
majority of the population be necessary but it would also be necessary that the response of
efficiency to regulation were so strong that it overcame the foreign demand effect on growth.

To take into account the possibility that macroeconomic conditions and emissions affect
attitudes, we modify Eq. (13), rewriting it as:

st = µ1Φt−1 + µ2

(
et − et−1

et−1

)
+ µ3

(
Pt − Pt−1

Pt−1

)
(26)

where µ2 > 0 and µ3 > 0 are parameters capturing the role of changes in employment and
GHG emissions, respectively. High employment rates are associated with higher awareness
of environmental risks, leading to an increase in the sentiments index. Finally, an increase in
emissions may or may not affect s depending on how the public perceives the negativity and
threat of climate change.

The new dynamic system reads:

et =

1 +
φ
Y ∗
t −Y ∗

t−1

Y ∗
t−1

+ ψfΦt−1

π
+ c− get−1

 et−1

(27)

Φt = Φt−1 + (1− Φt−1) exp (st−1)− (1 + Φt−1) exp (−st−1) +
ut
N

= Φt−1 + θ (Φt−1, et−1) +
ut
N

In steady-state, et = et−1 and Φt = Φt−1. Assuming again that the population is suffi-
ciently large that the stochastic component can be safely ignored, this gives us the following
equilibrium conditions:

φ
Y ∗
t −Y ∗

t−1

Y ∗ + ψfΦ

π
= −c+ ge

θ (Φ) = 0

which are equivalent to those obtained in the previous Section.
We are particularly interested in studying the role of the public’s perception of GHG

emissions when people are already informed about the climate debate. Hence, the remainder
of the analysis will be limited to the case where µ1 > 1. We proceed by stating and proving
the conditions for the existence of one or more equilibrium points.

Proposition 3 When the perception of GHG emissions is sufficiently weak, i.e. µ3 ≤ µ̄3,
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the dynamic system admits three equilibrium solutions:

eE1 =
c+ φ

π

(
Y ∗
t −Y ∗

t−1

Y ∗

)
g

ΦE1 = 0

and

eEi =
c+ φ

π

(
Y ∗
t −Y ∗

t−1

Y ∗

)
+ ψ

π
fΦEi

g

θ
(
ΦEi
)

= 0, i = 2, 3

where ΦE2 > 0, and ΦE3 < 0.
On the other hand, when the perception of GHG emissions is sufficiently strong, i.e.

µ3 > µ̄3, the dynamic system loses the first and third equilibrium points, admitting a unique
solution given by:

eE2 =
c+ φ

π

(
Y ∗
t −Y ∗

t−1

Y ∗

)
+ ψ

π
fΦE2

g

θ
(
ΦE2

)
= 0

Proof. See Appendix B.3.

Proposition 3 has an important economic interpretation. When the public’s response to
changes in GHG emissions is strong, the “bad” equilibrium, in which the majority of the
population opposes environmental regulation, disappears. Though quite intuitive, this result
is not obvious. As the economy grows, there is also an increase in P because more production
demands more energy inputs. But as long as people’s response to such an effect is strong
enough, they will press for more stringent environmental regulation.

Since we are adopting a favourable position towards PH, such an increase in regulation
is supposed to increase environmental efficiency. Taking into account our empirical results,
more efficient production techniques are associated with higher growth rates. When µ3 > µ̄3,
employment rates are maintained at levels sufficiently high that they curb the “group effect”
in such a way that the economy converges to a unique green-equilibrium. Fig. 5 shows how
this happens as µ3 increases. Notice that µ2 does not play any role in the determination of
equilibrium. This is because, by construction, only changes in the rate of employment affect
the sentiments index.

As a last step, we rigorously state and prove the following proposition regarding the local
stability of equilibria.

Proposition 4 When the perception of GHG emissions is sufficiently weak, i.e. µ3 ≤ µ̄3,
the first equilibrium point is unstable. The second and third equilibrium solutions are locally
stable provided that:

(1 + θΦ)
(
2− geEi

)
> θe

ψf

π
eEi

(1− θΦ) g > θe
ψf

π

19



-1 -0.5 0 0.5 1

 
t

-1

-0.5

0

0.5

1

 
t+1

         

3
=0

-1 -0.5 0 0.5 1

 
t

-1

-0.5

0

0.5

1

 
t+1

         

3
=1

-1 -0.5 0 0.5 1

 
t

-1

-0.5

0

0.5

1

 
t+1

         

3
=2

-1 -0.5 0 0.5 1

 
t

-1

-0.5

0

0.5

1

 
t+1

         

3
=2.5

E
2

E
2

E
2

E
1

E
1E

3

E
3

E
2

Figure 5: Policy implications of changes in the perception of GHG emissions when µ1 = 1.1
and µ2 = 0.5.

On the other hand, when the perception of GHG emissions is sufficiently strong, i.e. µ3 > µ̄3,
the unique equilibrium point E2 is locally stable provided that the same conditions are satisfied.

Proof. See Appendix B.4.

We thus confirm that strong public attitudes regarding GHG emissions are capable of
dissolving the polarising “group effect”. Not only does the system recover a unique equi-
librium but this point is locally stable. Fig. 6 depicts the case of an economy with initial
conditions in the basins of attraction of the “bad” equilibrium solution under information
shocks ut/N ∼ N (0, 0.01). As µ3 increases from 0.25 to 0.5, this point disappears and the
economy converges to a more desirable green-growth state. Information shocks do provoke
irregular fluctuations in attitudes and employment rates, but always in the neighbourhood
of E2.

To the extent that communication is context dependent, policy makers are confronted
with the challenge of an efficient message transmission design. Three dimensions are worth
stressing. First, one should be able to identify the audience’s motivation. This means that
for groups in which scientists are not credible, additional efforts should be made to change
this belief. Reforming academia in such a way as to give greater value to published materials
aimed at the general public as a follow-up to research articles might be a starting point (see,
for instance, Kar, 2019). On the other hand, if the public relies more on other agents such as
social influencers or religious authorities, it is necessary to find common ground with them.

Second, as pointed out in the Introduction, fighting climate change does not require the
public to believe in climate change science. Therefore, it might be in the interest of society to
persuade directionally motivated deniers by appealing to the potentially beneficial effects of
responding to the environmental challenge (for an example of public clusters identification,
see Drews et al., 2018, 2019). Different types of climate policies are likely to have different
degrees of political acceptance. There is some evidence suggesting that stringent regulation
and voluntary policies receive high levels of support, while carbon taxes have the highest
levels of opposition (e.g. Rhodes et al., 2017).
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Figure 6: Transition to a green-equilibrium when GHG emissions strongly affect attitudes
towards the environment for µ1 = 1.1 and µ2 = 0.5.

If it is true that people prefer certain types of regulation more than others, we should
also recognise that their economic outcomes are different. Environmental regulation can
potentially foster competitiveness but this is not always the case. Our analysis indicates that
policy makers should avoid green technologies that replace labour and give preference to those
that are labour complements. In this respect, our findings in Section 2 are worrying. We
documented that, over the past 15 years, increases in environmental efficiency have become
negatively associated with exports. If this continues to be the case, we might actually have
in motion a reversed process with a slowdown in economic growth.

Lower output growth rates are not something bad per se, on the contrary. However, with-
out a reduction in the rate of growth of labour productivity, they could lead to a dangerous
reduction in employment rates, potentially increasing social unrest, opening the door to pop-
ulism, and undermining the support for green policies. A reduction in working hours and
structural shifts to sectors with lower productivity growth might be necessary to break the
link between employment and output (see Victor, 2016). In any case, an assessment of the
actions required to leave such a “productivity trap” (Jackson and Victor, 2011, p. 101) goes
beyond the scope of this paper. Further research is certainly to be encouraged.

5 Final considerations

Climate change is real. However, contrary to the almost global consensus among the scientific
community, international public opinion has moved in recent decades from increasing aware-
ness to polarisation within and between nations. This article has developed a discrete-time
agent-based model formally to investigate these trajectories taking into account the feedback
effects that exist between sentiments, environmental regulation and macroeconomic outcomes
in an open economy set-up.

Our analysis recognises the role of individuals’ associatively driven and analytically driven
information processing as well as the fact that agents form perceptions of societal risks in line
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with values characteristic of groups with which they identify themselves. Because reasoning
and judgement are context motivated, we investigated the role of “group effects” in generating
polarisation between those who support and those who are against climate policies. We also
showed how the public’s response to changes in GHG emissions can curb such an effect leading
to convergence to a unique green-equilibrium.

A crucial link between sentiments and the (macro)economy is the so-called green version
of Thirlwall’s law. We provided empirical evidence for a sample of 12 OECD countries
between 1970 and 2014. Our findings confirm that Nordic countries have taken the lead in
implementing green solutions. It must be noted, however, that the positive correspondence
between environmental efficiency and exports has recently been reversed. For reasons that
remain to be explained, such a relationship seems to have become negative as China has
risen as an international power and the global economy has struggled to recover from the last
financial crisis.

In terms of policy implications, we show that scientific literacy is a necessary but not suf-
ficient condition for achieving a green-growth equilibrium. Policy makers should increase the
public’s response to GHG emissions taking into account the fact that a successful communi-
cation strategy is conditional upon audience motivation. Reforming the academic system to
give value to published materials aimed at the general public as a follow-up to research papers
(Kar, 2019) might be a starting point for increasing the credibility of scientific communicators.

On the other hand, when the public relies more on social influencers or religious author-
ities, it is necessary to find common ground with them. Fighting climate change does not
require the public to believe in climate change science. Therefore, it might be in the interest
of society to persuade directionally motivated deniers by appealing to the potentially bene-
ficial effects of responding to the environmental challenge. Climate change is not so easily
detected by personal experience, hence, we should improve efforts to make concrete associa-
tions, changing the false impression that activities which lead to dangerous outcomes are in
fact safe.

A Empirical Appendix

Ascertaining the order of integration of the variables under analysis is an essential precondi-
tion for establishing whether the use of panel cointegration tests is warranted. We performed
the Im, Pesaran and Shin test (IPS), the ADF and Phillips Perron (PP) tests which assume
individual unit root processes. We include an intercept in the test equation and choose the
number of lags following the Schwarz Information Critera (SIC). Results are reported in table
A1 and indicate that series are integrated of the first order.

The reader might still question the functional form chosen for the exports function. For
instance, it is reasonable to suppose that the non-price competitiveness of a certain coun-
try will change along with increases in environmental efficiency. That is, a high degree of
environmental efficiency allows the domestic economy to increase its responsiveness to for-
eign demand. To allow for such an interaction component between Y ∗ and Z, we re-specify
exports as:

logXt = log a+ φ log Y ∗
t + ψZt log Yt (A.1)

Table A2 shows that our main results stand. The income elasticity of exports returned
to values close to 1. The interaction between foreign demand and environmental efficiency,
on the other hand, is positive being slightly above 0.035. This effect is reduced but remains
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Table A1: Panel Unit Root tests

log X log Y* log Z

Prob. Prob. Prob.

Method Levels 1st diff. Levels 1st diff. Levels 1st diff.

IPS 0.9569 0.0000 1.0000 0.0000 0.9828 0.0000

ADF 0.9568 0.0000 1.0000 0.0000 0.8308 0.0000

PP 0.8366 0.0000 1.0000 0.0000 0.8004 0.0000

log Z/Z* log M log Y

Prob. Prob. Prob.

Method Levels 1st diff. Levels 1st diff. Levels 1st diff.

IPS 1.0000 0.0000 0.9856 0.0000 0.9998 0.0000

ADF 0.9999 0.0000 0.9978 0.0000 0.9956 0.0000

PP 0.9884 0.0000 0.9726 0.0000 0.9606 0.0000

H0: Series are non-stationary

positive until the 1990s becoming negative afterwards. Hence, we can conclude that during the
last thirty years of the twentieth century, increases in environmental efficiency have resulted
in higher international competitiveness leading to an increase in exports. For reasons that
remain to be explained, such a correspondence has become negative as China has risen as an
international power and the global economy struggles to recover from the last financial crisis.

Table A2: Alternative specification of the exports function

Dependent variable: log X

IX X XI XII

Model FMOLS FMOLS DOLS DOLS

log Y* 0.932449*** 1.037923*** 0.947684*** 0.931033***

log Z*log Y* 0.037705*** 0.037698*** 0.030742** 0.038388***

dummy80*log Z*log Y* -0.019097*** 0.022021 -0.017819*** -0.018744***

dummy90*log Z*log Y* -0.031058*** -0.072027*** -0.029206*** -0.031676***

dummy2000*log Z*log Y* -0.056119*** -0.045756*** -0.050658*** -0.053529***

Adjs. R2 0.990334 0.960029 0.990692 0.990664

Panel method Pooled Weighted Pooled Weighted

Cross Sections 12 12 12 12

Obs. 528 528 525 525

Time 44 44 44 44

Residuals Stationary Stationary Stationary Stationary

*,**, *** stand for 10%, 5% and 1% of significance
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B Mathematical Appendix

B.1 Proof of Proposition 1

Recall that in steady-state:

φ
Y ∗
t −Y ∗

t−1

Y ∗ + ψfΦ

π
= −c+ ge

θ (Φ) = 0

From Fig. 2, we have that, for µ1 ≤ 1, there is a unique Φ such that θ(Φ) = 0. It immediately
follows that:

e =
c+ φ

π

(
Y ∗
t −Y ∗

t−1

Y ∗

)
g

When µ1 > 1, there is a Pitchfork bifurcation and two new equilibrium points emerge, as
shown in Fig. 2. Given that in equilibrium θ(·) does not depend on e, the system admits
three equilibrium solutions that satisfy:

eE1 =
c+ φ

π

(
Y ∗
t −Y ∗

t−1

Y ∗

)
g

ΦE1 = 0

and

eEi =
c+ φ

π

(
Y ∗
t −Y ∗

t−1

Y ∗

)
+ ψ

π
fΦEi

g

θ
(
ΦEi
)

= 0, i = 2, 3

where ΦE2 > 0, and ΦE3 < 0.

B.2 Proof of Proposition 2

The Jacobian matrix that corresponds to our dynamic system is given by:

J =

 1− ge+
φ

(
Y ∗
t −Y ∗

t−1
Y ∗
t−1

)
+ψfΦ

π
+ c− ge ψf

π
e

0 θΦ


=

[
1− ge ψf

π
e

0 θΦ

]
The elements of the Jacobian are such that:

J11 = 1− ge > 0 J12 =
ψf

π
e > 0

J21 = 0 J22 = θΦ ≷ 0
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so that the characteristic equation can be written as:

λ2 + C1λ+ C2 = 0

where

C1 = −trJ

= −1 + ge− θΦ

C2 = det J

= (1− ge) θΦ

The necessary and sufficient conditions for the local stability of a given equilibrium point
require that all eigenvalues of the Jacobian matrix, determined as roots of the characteristic
equation, are less than unity in modulus:

1− C1 + C2 > 0 (I)

1 + C1 + C2 > 0 (II)

1− C2 > 0 (III)

Through direct computation we find that:

1− C1 + C2 = 1 + trJ + det J (I)

= 1 + 1− ge+ θΦ + (1− ge) θΦ

= (1 + θΦ) (2− ge) T 0

1 + C1 + C2 = 1− trJ + det J (II)

= 1− 1 + ge− θΦ + (1− ge) θΦ

= (1− θΦ) ge T 0

1− C2 = 1− det J (III)

= 1− (1− ge) θΦ T 0

When the “group effect” regarding sentiments towards the environment is weak enough,
i.e. µ1 ≤ 1, we have that θΦ = 2µ1− 1 < 1. Making use of conditions (I)-(III), it follows that
E1 is locally asymptotically stable.

On the other hand, when the “group effect” regarding sentiments towards the environment
is strong enough, i.e. µ1 > 1, we have that θΦ = 2µ1 − 1 > 1 in the neighbourhood of E1.
This implies the simultaneous violation of conditions (I) and (II). Hence the first equilibrium
point is unstable. Furthermore, in the neighbourhood of E2 and E3, it is possible to show
that θΦ < 1 (see Fig. 2). This means that conditions (II) and (III) are always satisfied. It
follows that those equilibrium points are stable in the region of the parameter space defined
by:

1 + θΦ > 0

If a change in one of the parameters determines the violation of this condition, a Flip bifur-
cation occurs.
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B.3 Proof of Proposition 3

Recall that in steady-state:

φ
Y ∗
t −Y ∗

t−1

Y ∗ + ψfΦ

π
= −c+ ge

θ (Φ) = 0

When µ1 > 1 and µ3 ≤ µ̄3, we know that there are three different values of Φ for which
θ(·) = 0, as shown in Fig. 5. Hence, the dynamic system admits three equilibrium solutions:

eE1 =
c+ φ

π

(
Y ∗
t −Y ∗

t−1

Y ∗

)
g

ΦE1 = 0

and

eEi =
c+ φ

π

(
Y ∗
t −Y ∗

t−1

Y ∗

)
+ ψ

π
fΦEi

g

θ
(
ΦEi
)

= 0, i = 2, 3

where ΦE2 > 0, and ΦE3 < 0.
Moreover, from Fig. 5, we have that, for µ3 > µ̄3, there is a unique Φ > 0 such that

θ(·) = 0. It follows that the dynamic system loses the first and third equilibrium points,
admitting a unique solution given by:

eE2 =
c+ φ

π

(
Y ∗
t −Y ∗

t−1

Y ∗

)
+ ψ

π
fΦE2

g

θ
(
ΦE2

)
= 0

B.4 Proof of Proposition 4

The Jacobian matrix that corresponds to our dynamic system is given by:

J =

[
1− ge+ φy∗+ψfΦ

π
+ c− ge ψf

π
e

θe θΦ

]
=

[
1− ge ψf

π
e

θe θΦ

]
The elements of the Jacobian matrix are such that:

J11 = 1− ge > 0 J12 =
ψf

π
e > 0

J21 = θe > 0 J22 = θΦ ≷ 0

so that the characteristic equation can be written as:

λ2 + C1λ+ C2 = 0
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where

C1 = −trJ

= −1 + ge− θΦ

C2 = det J

= (1− ge) θΦ − θe
ψf

π
e

The necessary and sufficient conditions for the local stability of a given equilibrium point
require that all eigenvalues of the Jacobian matrix, determined as roots of the characteristic
equation, are less than unity in modulus:

1− C1 + C2 > 0 (I)

1 + C1 + C2 > 0 (II)

1− C2 > 0 (III)

Through direct computation we find that:

1− C1 + C2 = 1 + trJ + det J (I)

= 1 + 1− ge+ θΦ + (1− ge) θΦ − θe
ψf

π
e

= (1 + θΦ) (2− ge)− θe
ψf

π
e T 0

1 + C1 + C2 =1− trJ + det J (II)

= 1− 1 + ge− θΦ + (1− ge) θΦ − θe
ψf

π
e

= (1− θΦ) ge− θe
ψf

π
e T 0

1− C2 = 1− det J (III)

1− (1− ge) θΦ + θe
ψf

π
e T 0

When the “herd behaviour” effect regarding sentiments towards the environment is strong
enough, i.e. µ1 > 1, and the perception of GHG emissions is sufficiently weak, i.e. µ3 ≤ µ̄3,
it is possible to show that θΦ > 1 in the neighbourhood of

(
eE1 ,ΦE1

)
. From Fig. 5, it is

also possible to see that θΦ < 1 in the neighbourhood of
(
eE2 ,ΦE2

)
and

(
eE3 ,ΦE3

)
. It follows

that conditions (I) and (II) are always violated for the first equilibrium. For the second and
third equilibrium points, condition (III) is always satisfied. It follows that they are locally
asymptotically stable in the region of the parameter space defined by:

(1 + θΦ) (2− ge) > θe
ψf

π
e

and

(1− θΦ) g > θe
ψf

π
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A violation of the first inequality, while the other holds, is associated with a Flip bifurcation.
On the other hand, if a change in one of the parameters determines the violation of the second
inequality, while the other holds, a Fold bifurcation occurs.

Moreover, when the perception of GHG emissions is sufficiently strong, i.e. µ3 > µ̄3, we
have that θΦ < 1 in the neighbourhood of the unique equilibrium point. Hence, the unique
equilibrium point of the dynamic system is locally stable in the region of the parameter space
defined by:

(1 + θΦ) (2− ge) > θe
ψf

π
e

and

(1− θΦ) g > θe
ψf

π
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